One of the paradoxes of modern medicine is the rapidly growing incidence of immune-based diseases over the last half of the century (1) . Despite enormous advances in our understanding of the immune system, and our ability to manipulate immunity in experimental animals and man, we have not been able to curtail these diseases. In fact, it is becoming increasingly evident that immune hypersensitivity responses are central to the pathogenesis of many of the most common diseases of the 21st century including atherosclerosis, diabetes, obesity, and arthritis (2) . Included in this epidemic are atopy-associated disorders (such as asthma, eczema, allergic rhinoconjunctivitis, and food allergies), which have skyrocketed during this time frame (about a threefold increase in prevalence). Currently, in the United States, nearly 30% of the population suffers from allergies with 5-10% suffering from asthma, a chronic inflammatory pulmonary disorder that is a chief diagnosis responsible for pediatric hospital admission, work and school absenteeism, and annual health care expenditures exceeding 12 billion dollars. While genetic factors certainly contribute to the pathogenesis of these diseases, there is emerging evidence that their rising incidence is related to changes in western lifestyle. For example, with increased time spent indoors (and its associated increased exposure to ubiquitous common antigens (derived from fungi, dust mites, and home pets), less exposure to rural outdoor adjuvants (e.g., endotoxin from farm animals), increased use of antibiotics and vaccinations (and the associated changes in infections and endogenous flora), there is emerging evidence that the immune system has become "delinquent", capable of eliciting the adverse responses associated with these disorders (3). Indeed, alterations in regulatory T cells (and TGF-β production) have been associated with these changes (4).
Asthma is a disease defined by reversible airflow obstruction, and increased lung responsiveness to a variety of antigen-specific (allergens) and -nonspecific (e.g., cold air, cigarette smoke) triggers, strongly associated with atopy (IgE production) (5) . Histologically, the asthmatic lung is characterized not only by eosinophilrich inflammation, but also by a variety of chronic changes that induce lung remodeling (including mucus production, smooth muscle hyperplasia, and deposition of extracellular matrix components) (6) . There is strong evidence that CD4 + T cells, especially of the Th2 phenotype, induce many of the features of asthma through the secretion of an array of cytokines (e.g., IL-4, IL-5, IL-9, IL-13, and IL-25) that activate inflammatory and residential effector pathways both directly and indirectly (7) . Notably, IL-4 and IL-13 directly trigger airway cells to undergo proasthmatic changes including production of mucus, expression of a variety of specific adhesion molecules (e.g., ICAM-1 and VCAM-1), and production of a select sub-group of chemokines (eotaxins, macrophage chemoattractant proteins [MCPs]), and thymusand activation-regulated chemokine [TARC] ) that attract and activate allergic inflammatory cells (e.g., eosinophils, macrophages, and Th2 cells) (8) . The partial clinical effectiveness of glucocorticoids (agents that inhibit the production of Th2 cytokines, eosinophils, and T cells), cysteinylleukotriene (LT) inhibitors, and anti-IgE therapeutics indicates the critical interplay of multiple cells, cytokines, and mediators in disease pathogenesis.
Leukocyte migration into the allergic lung has been eloquently demonstrated to be dependent upon the coordinate interplay between selectins, adhesion molecules, and chemoattractant molecules (including chemokines and LTs). In particular, reversible interactions between Th2 cells and eosinophils with vascular endothelial cells are primarily mediated by selectins; whereas firm adhesion and cellular transmigration is primarily triggered by integrins of the β1 and β2 families. The α4β1 integrin (also known as very late antigen-4) has been shown to be particularly important since it is co-expressed by multiple leukocytes involved in allergic inflammation (including T cells and eosinophils) and treatment with anti-α4 antibodies inhibits many essential features of experimental asthma in animals (9) . Classically, adhesion events involved in leukocyte migration into inflammatory sites have focused on the role of soluble chemoattractant mediators; however, components of the extracellular matrix can also strongly influence inflammatory cell recruitment and activation. For example, hyaluronan (HA) -a glycosaminoglycan composed of repeating units of D-glucuronate (1-β-3) and N-acetyl-D-glucosamine (1-β-4) -and fibronectin can directly induce eosinophil chemoattraction, survival, and function (10) . Although these and other extracellular matrix molecules can bind to a variety of cell surface receptors, CD44 appears to be a particularly important leukocyte receptor for HA and may therefore have a role in the pathogenesis of asthma. CD44 is a class I transmembrane glycoprotein originally described on leukocytes but now known to be expressed on most vertebrate cells (11) . The amino-terminal globular domain serves as a docking site for multiple components of the extracellular matrix including HA, collagen, laminin, and fibronectin. The cytoplasmic tail serves as a docking site for numerous intracellular partners including ankyrin, the actin cytoskeleton, and band 4.1 proteins such as the tumor suppressor protein merlin. Accordingly, CD44 is involved in numerous processes involved in health (e.g., organ development, neuronal axon guidance) and disease (tumor genesis, tumor metastasis, and inflammation) (11) .
In this issue of the JCI, Katoh et al. report an impressive role for CD44 in orchestrating allergic eosinophilic airway inflammation (experimental asthma) (12) . In their study, the investigators disturbed CD44 function with two different monoclonal antibodies and examined the consequences on two distinct models of antigen-induced experimental asthma. Their antibodies included KM201, a CD44 neutralizing reagent, and IM7, an antibody that induced CD44 shedding. Using both approaches and appropriate isotype matched control antibodies, the investigators demonstrated dose-dependent inhibition of multiple aspects of experimental asthma. Notably, leukocyte recruitment (eosinophil and lymphocyte), Th2 (IL-4, and IL-5) but not Th1 cytokine production, Th2-associated chemokine (e.g., eotaxin and TARC) production, LT induction, and enhanced airway hyperreactivity were all remarkably reduced. In addition, levels of HA, which were increased during experimental asthma in control mice were markedly attenuated in the antibody-treated mice, supporting a role for CD44 in HA metabolism (specifically in the breakdown of high mol wt HA to pro-inflammatory low mol wt forms). This may be particularly important because HA-derived oligosaccharides can bind and activate Toll-like receptor 4 (13) . Clearly, the most impressive aspect of the results presented by Katoh et al. is the profound magnitude of the beneficial effects of anti-CD44 treatment.
The results of Katoh et al. (12) are consistent with several studies demonstrating that CD44 is a pro-inflammatory receptor in a variety of murine models. For example, mice with a disruption of the CD44 gene or mice treated with anti-CD44 are protected from hapten-induced colitis, collageninduced arthritis, delayed-type hypersensitivity responses in the skin, and experimental atherosclerosis (14) (15) (16) . However, these results strongly contrast with the recent findings reported by Paul Noble and colleagues (17) . In the Noble study, CD44 -/-mice developed exaggerated lung-inflammatory responses in a bleomycin-induced model of lung injury. Notably, CD44 -/-mice had increased levels of lung leukocytes (neutrophils, macrophages, and lymphocytes), chemokines (e.g., MCP-5), and HA. The authors used
Figure 1
Overview of immunological mechanisms in the development of allergic eosinophilic airway inflammation involving CD44. There are multiple mechanisms by which CD44 may effect the propagation and resolution of allergic airway inflammation. Engagement of CD44 by a variety of ligands (typically extracellular matrix components such as HA) on CD4+ T cells and eosinophils promotes cellular chemotaxis, activation, and survival. Th2 cell-derived IL-4 and IL-13 potently induce critical chemokines (including TARC and the eotaxins) by several resident cells in the lung (e.g., respiratory epithelium), and induce direct asthma responses (including mucus production and airway hyperreactivity). Eosinophils further exacerbate allergic inflammation by production of potent smooth muscle constrictors (e.g., LTs) and by the cytotoxic effects of their granule proteins on lung cells. CD44 may also have an important role in resolution of allergic airway inflammation by promoting the removal of apoptotic airway cells by macrophage-mediated CD44-dependent phagocytosis and clearance.
bone marrow reconstitution studies to show that CD44 expression on hematopoietic cells was responsible for the defect, which the authors attributed to impaired alveolar macrophage CD44-mediated clearance of apoptotic cells in the lung. Thus, in the Noble study, CD44 appears to have a protective antiinflammatory role in the lung. At first glance, these results appear to conflict with the results of Katoh et al. However, there are important differences between the two studies that should be considered. First, the role of CD44 in the bleomycin model was only seen after 5 days of lung inflammation. In contrast, Katoh et al. only examined an acute time point (24 hours) after allergen challenge. Second, while CD44 -/-mice have a ubiquitous deficiency of CD44, the monoclonal antibody approach taken by Katoh et al. did not deplete CD44 expression by alveolar macrophages (and likely other cell populations). This is important because alveolar macrophages are likely to be the critical cell required for resolution of lung inflammation. And third, great caution has to be taken when comparing germline gene-targeting with conditional CD44 neutralization later in development. Prior studies have shown baseline deficiencies (e.g., in myeloid progenitor cells and in T cell homing and apoptosis) in CD44 -/-mice (11). Additionally, it has been proposed that loss of CD44 function early in development (embryonic) is not tolerated the same way as when it is only absent in adults, as demonstrated by CD44's role in limb development (11) .
A unifying mechanism to explain CD44's role in allergic lung inflammation Clearly, CD44 has different functions on different cell populations. Most studies have supported an important role for CD44 in promoting leukocyte recruitment, likely mediated by extracellular matrix components triggering changes in the cytoskeletan via CD44-dependent signaling events. The findings of Katoh et al. (12) support an essential role for CD44 in allergeninduced Th2 cell and eosinophil recruitment to the lungs (Figure 1 ). Whether this represents a primary defect in leukocyte recruitment or a secondary defect in the production of chemoattractants by lung parenchymal cells (e.g. airway epithelium) remains uncertain. It is interesting to speculate that CD44 may also serve to resolve allergen-induced inflammation by macrophage-mediated clearance of lumenal cells, many of which eventually undergo apoptosis. Thus, CD44 may have a protective or disease-promoting role on different phenotypic or temporal aspects of asthma. Thus, while anti-CD44 appears to be a potentially attractive new target for asthma therapy, further analyses (e.g. kinetics and cell specific conditional gene targeting) are needed before we can better predict the value of this approach.
